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Fault Tolerant Control for Induction Motors using Sliding Mode
Observers
N. DJEGHALI, M. GHANES, M. TADJINE, S. DJENNOUNE and J. P. BARBOT
Abstract— In this paper a fault tolerant control design based
on a sliding mode observer for induction motors is proposed.
First, a direct field oriented controller based on backstepping
technique is designed in order to steer the flux and speed
variables to their desired references and to compensate the
load disturbance. Second, a sliding mode observer is designed
in order to detect and reconstruct the faults and also to estimate
the flux. Then, additional control laws based on the estimates
of the faults are designed in order to compensate the faults.
Numerical simulations show the effectiveness of the proposed
control scheme.
I. INTRODUCTION
Research on fault tolerant control systems has received
a great attention due to significantly increasing demand for
reliability, maintainability and survivability of physical plants
([1]-[3]). Fault tolerant control systems have abilities to
detect the presence of a fault and eventually to isolate it
(fault detection and isolation) and also to reconfigure the
control law in order to compensate the effect of the fault
and maintain the stability and the control performance (fault
tolerance).
Induction Motors (IM) are subjected to rotor and stator faults,
such as stator short circuits, broken bars or rings, eccentric-
ity,...etc. As in ([4],[5]), this paper is concerned with the rotor
asymmetries caused by broken bars or dynamic eccentricity
and stator asymmetries caused by static eccentricity. The
presence of rotor and stator asymmetries induces harmonic
components in the stator currents with frequencies which are
directly related to the kind of the fault (stator or rotor fault)
and amplitude and phase which depend on the severity of
the fault ([4],[5]).
There are many literatures concerning fault tolerant control
of induction motors ([4]-[8]). This paper focuses on the
implicit fault tolerant controller proposed in ([4],[5]), where
the effects generated by the occurrence of the fault are
assumed to be modeled as an exogenous signal given by
an autonomous ”neutrally stable” system (exosystem). In
([4],[5]) the design of the fault tolerant controller is based
on an internal model which requires to know or to estimate
the vector of the frequencies characterizing the faults. This
design method becomes very difficult in case of a large vector
of frequencies.
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In this work the design of the fault tolerant controller for in-
duction motors is based on the use of sliding mode observers
for fault detection and reconstruction ([9]-[11]). The sliding
mode observers are used in both linear and nonlinear systems
with uncertainties. They permit to reconstruct explicitly the
faults by analyzing the dynamic of the estimation error
when the sliding mode occurs. In our method, the design
of the fault tolerant controller does not require to know or to
estimate the vector of frequencies. Moreover, the approach
proposed here does not require to know the model of the
faults effects and it can also compensate the faults caused
by the parameters variations and additive faults in actuator.
Whereas, the authors in ([4],[5]) are limited to stator and
rotor asymmetries whose model is known. In this paper,
it is shown that a Direct Field Oriented Controller based
on the backstepping strategy permits to steer the flux and
speed variables to their desired references and to compensate
the load torque effect. A sliding mode observer is used to
reconstruct the faults and to estimate the flux, then additional
control laws based on the resulting faults estimates are
designed in order to compensate the faults.
This paper is organized as follows: In Section 2, the induction
motor oriented model is presented. Section 3 is devoted to
the design of the backstepping controller in un-faulty mode,
which is able to steer the flux and speed variables to their
desired references and to compensate the load disturbance.
Section 4 describes the induction motor model in presence
of rotor and stator faults. Section 5 presents the faults
reconstruction by using a sliding mode observer. Section
6 presents the design of the fault tolerant controller, while
Section 7 gives the simulation results. In Section 8, some
conclusion remarks on the proposed fault tolerant control
are given.
II. INDUCTION MOTOR ORIENTED MODEL
In field oriented control, the flux vector is forced to align
with the d-axis (φqr =
dφqr
dt
= 0). The resulting induction
motor model in the(d − q) reference frame is described by
the following state equations [12]:
dids
dt












































Whereσ is the coefficient of dispersion,given by:
σ = 1 −
L2m
LsLr
Ls, Lr, Lm are stator, rotor and mutual inductance, respec-
tively. Rs, Rr are respectively stator and rotor resistance.ωs




P is the number of pole pairs.Vds, Vqs are stator voltage
components.φdr, φqr are the rotor flux components.Ω is
the mechanical speed.T is the load torque.ids, iqs are stator
current components.J is the moment of inertie of the motor.
f is the friction coefficient.
III. BACKSTEPPING CONTROL DESIGN
This part deals with the speed and flux control by means
of backstepping control. This nonlinear control technique can
be applied efficiently to linearise a nonlinear system with the
existence of uncertainties, it is usually incorporated with the
nonlinear damping to enhance robustness ([13],[14]).
In this work in order to compensate the load disturbance the
backstepping technique is used. The idea of backstepping
design is to select recursively some appropriate functions of
state variables as virtual control inputs for lower dimension
subsystems of the overall system. At each step of the
backstepping a new virtual control input is designed. When
the procedure terminates, the actual control input results
which achieves the original design objective by virtue of a
final Lyapunov function, which is formed by summing up the
Lyapunov functions associated with each individual design
step.
A. Step1:Flux control
The objective is to steer the fluxφdr to a desired reference
φ∗dr , let eφ = φdr − φ
∗
















By deriving (4) we obtain:









To makeV̇φ negative definite,ids is chosen as virtual element












wherekφ > 0 is a design parameter.
By settingids = i∗ds in (5) we get :
V̇φ = −kφe
2
φ < 0 (7)
This implies thateφ → 0 or φdr → φ∗dr asymptotically.
B. Step2:Speed control
The objective is to steer the speedΩ to the desired
referenceΩ∗, let eΩ = Ω − Ω∗ be the speed tracking error.
















By deriving (9) we obtain:










iqs is chosen as virtual element of control for stabilizing the










Ω+Ω̇∗), φdr 6= 0
(11)
where:h = 0.2785. ε1 > 0, k1 > 0 and kΩ > 0 are design
parameters.
By settingiqs = i∗qs in (10) we get:







For k1 > |TJ |max, we obtain:
V̇Ω ≤ −kΩe
2
Ω − k1 tanh(
k1h
ε1
eΩ)eΩ + k1|eΩ| (13)
with:
|eΩ| = eΩsigneΩ (14)
The derivative of the Lyapunov equation (13) becomes:
V̇Ω ≤ −kΩe
2
Ω − k1 tanh(
k1h
ε1
eΩ)eΩ + k1eΩsigneΩ (15)
We have (see [14]):
0 ≤ k1eΩsigneΩ − k1 tanh(
k1h
ε1
eΩ)eΩ ≤ ε1 (16)
The derivative of the Lyapunov function (15) becomes:
V̇Ω ≤ −kΩe
2
Ω + ε1 (17)
This implies that the variableΩ converges to a ball whose
size depends on the parameterε1.
C. Step3: Currents control
The objective is to steer the currentsids and iqs to their
desired referencesi∗ds andi
∗
qs, respectively. Leted = ids−i
∗
ds
andeq = iqs−i∗qs be the tracking errors of the currents, then
the dynamic of the tracking errors are given by:





















































































































































the system of the tracking errors(18) becomes:























































T − F2(eΩ, Ω, φdr)

















−kded + aids −
Lm
τr


























































be the actual control inputs, where :kd > 0, kq > 0












, the error variableseφ, eΩ, ed and eq
are globally uniformly bounded.
Proof. By substituting the control laws(21) and(22) in (20)
we get:















































































From the step2 we havek1 > |TJ |max, then the derivative







































q + ε1 + ε2 (27)
This implies that the error variableseφ, eΩ, ed and eq are
globally uniformly bounded.
IV. IM MODEL IN PRESENCE OF FAULT
The presence of faults caused by rotor asymmetries (bro-
ken bars or dynamic eccentricity) and stator asymmetries
(static eccentricity) induces sinusoidal components in the
stator currents ( for more detail see ([4],[5])), i.e:





+ A−isin(ω2,−it + ϕ−i)]





+ A−icos(ω2,−it + ϕ−i)]
(28)
Whereids and iqs denote the stator currents in the(d − q)
reference frame. The pulsations of the2N + 1 harmonic
components depend on the kind of fault (ω1 is due to the
stator asymmetries, whileω2,±i, i = 1, .., N are due to the
rotor asymmetries). The amplitudesA,A±i and the phases
ϕ, ϕ±i are unknown, they depend on the entity of the stator
or rotor asymmetries.
The sinusoidal components generated by the presence of
the rotor and stator faults can be modeled by the following
exosystem ([4],[5]):
ẇ = S(̟)w, w ∈ ℜ4N+2 (29)
With: ̟ = ( ω1 ω2,1 ω2,−1 . . ω2,N ω2,−N ) is






















Whereω1 is the pulsation of the harmonic generated by the
stator faults andω2,±i, i = 1, ..., N are the pulsations of the
harmonics generated by the rotor faults. The amplitudes and
the phases of the harmonics are unknown, they depend on
the initial statew(0) of the exosystem. Then, the additive
sinusoidal terms in(28) can be as a suitable combination of
the exosystem state, i.e:
ids = ids + Qdw
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)
By deriving (30) we get:
dids
dt






+ aQdw + QdSw − ωsQqw
diqs
dt






+ aQqw + QdSw + ωsQdw
(31)
Then, the IM model in presence of faults becomes:
dids
dt






































Γd(w) = aQdw + QdSw − ωsQqw
Γq(w) = aQqw + QqSw + ωsQdw
In this work the pulsationsω1, ω2,±i, i = 1, ..., N are
assumed to be unknown. In order to reconstruct the fault
effectsΓd(w) andΓq(w) a sliding mode observer is used.
V. FAULT RECONSTRUCTION
Consider the system (32), where the currentsids, iqs and
speedΩ are assumed to be measured. In order to estimate
the fault effectsΓd(w), Γq(w) and the flux, a sliding mode
observer is defined as:
dîds
dt





























Where:̂ids, îqs are the observed stator currents andφ̂dr is
the flux estimate,ud > 0 anduq > 0 are design parameters.
sd andsq are the sliding surfaces defined as:
sd = îds − ids
sq = îqs − iqs
(34)
The currents and flux estimation errors are defined as:εd =
sd = îds − ids, εq = sq = îqs − iqs and εφ = φ̂dr − φdr,
then the errors dynamics are given by:
dεd
dt


















































the sliding mode will occur, i.e:εd = ε̇d = 0 andεq = ε̇q =
0, then the faults can be estimated.








The derivative of(38) with respect to time is:







































the sliding mode occurs, i.e:εd = ε̇d = 0 andεq = ε̇q = 0.




εφ−Γd(w)−udsigneqεd = 0 (40)
−(ω̂s − ωs)ids −
Lm
σLsLr








Equation(42) shows thatεφ converges to zero ast → ∞,




Remark 1: The function signeq represents the average
value of thesign function, it can be obtained by the use
of a low passe filter or by a continuous approximation of the
sign function. Here thesign function is approximated by an
hyperbolictanh function.
VI. DESIGN OF FAULT TOLERANT CONTROL
The structure of the global controller is given by:
Vds = Vdsn + Vdf
Vqs = Vqsn + Vqf
(44)
with Vdsn and Vqsn are the backstepping control laws
(21) and (22) designed in un-faulty mode(w(t) = 0) to
steer the tracking errors to zero and to compensate the load
disturbance.
Vdf and Vqf are additional control laws (compensation
units) that will be designed in order to compensate the faults.
Proposition 3: Let Vdsn and Vqsn be the backstepping
control laws given by(21) and (22) and let:
Vdf = −σLsΓ̂d (45)
Vqf = −σLsΓ̂q (46)
be the additional control laws, where the estimateΓ̂d, Γ̂q are
given by (43). Then the faults are compensated.
Proof. The dynamics of the tracking errors are given by:
ded
dt























































T − F2(eΩ, Ω, φdr) + Γq(w)
deφ
dt
















By substituting(44) in (47) we get:
ded
dt
= − kded −
Lm
τr
eφ + Γd(w) − Γ̂d(w)
deq
dt










T + Γq(w) − Γ̂q(w)
deφ
dt
















Section (5) shows that̂Γd(w) → Γd(w) andΓ̂q(w) → Γq(w)
then the faults are compensated and the resulting closed loop
system is stable. Its stability is proved in Section3 by the
Lyapunov function(24).
VII. SIMULATION RESULTS
Numerical simulations have been performed to validate the
proposed control scheme. The induction motor parameters
are given in the appendix. The controller parameters are
chosen as follows:kd = 650, kq = 500, kΩ = 0.5, kφ =
25, k1 = 300, k2 = 300, ud = 26000, uq = 26000. The
speed and flux references are fixed atΩ∗ = 100rad/s
and φ∗dr = 0.9Wb, respectively, also a load disturbance
T = 3N.m is applied. Figure 1 shows the responses of
the induction motor in the absence of faults in case just
the backstepping controller is present in the loop. The
speed and the flux trajectories converge to their desired
references and the load disturbance is rejected. Figure 2
shows the responses of the induction motor controlled by the
backstepping controller when stator and rotor faults occur.
The IM responses exhibit oscillations and deviation from
their desired references. Figure 3 shows the responses of
the IM in case the backstepping controller is augmented
with the fault compensation units. The effectiveness of the
compensation units in compensating the effect of the faults
is evident. Figure 4 shows a good estimation of the faults. In
order to test the robustness of the proposed control scheme,
the variations of the rotor resistanceRrand stator resistance
Rs are introduced. the simulation results are given by the
figure 5. We see that the proposed controller is insensitive
to the rotor and stator resistance variations.
VIII. CONCLUSION
In this paper a sliding mode observer based approach to
fault compensation for induction motors has been presented.
In absence of faults a backstepping controller permits to steer
the flux and the speed variables to their desired references
and to reject the load disturbance, however the presence of
faults degradates the performances of the induction motor.
In order, to detect and estimate the faults a sliding mode
observer is used. The use of a sliding mode observer provides
a good estimation of the faults. Then, additional control laws
based on the resulting faults estimates permit to eliminate the
effect of the faults.
Fig. 1. Responses of the IM controlled by the backstepping
controller in un-faulty mode
Fig. 2. Responses of the IM controlled by the backstepping
controller when faults occur
Fig. 3. Responses of the IM in case the backstepping controller is
augmented with the fault compensation units
Fig. 4. The faults and their estimates
Fig. 5. Responses of the IM with an increase of+50%Rr and
+50%Rs
IX. A PPENDIX
The induction motor used in this work is a
1.5KW,U = 220V, 50Hz, In = 7.5A. The parameters
are: Rs = 1.633Ω, Rr = 0.93Ω, Lr = 0.076H, Ls =
0.142H, Lm = 0.099H, J = 0.0111Kg.m
2, f =
0.0018N.m/rad/s andP = 2.
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